Abstract-This paper extends some first steps given in merging radar and rain gauge data for a better understanding of rainfall rate spatial structure. The study has been performed analyzing spatial correlation between sites within a densely meshed rain gauge network and also with their corresponding pixels in weather radar images.
INTRODUCTION
Due to the impairment strong effects that atmospheric phenomena, mainly rain, produce in telecommunication systems, Fade Countermeasures (FCM) are required (e. g. Site diversity, Fade Mitigation Techniques). Therefore a better understanding and modeling of the space-temporal structure of rainfall is needed.
Rainfall data collection is most commonly done by means of weather radars and rain gauges. While radars provide data with a high resolution both in space (a few kilometers) and time (a few minutes) covering a large mesoscale (10 3 -10 4 km2), rain gauges can work at a finer scale in time (seconds) but, spatially, they only provide punctual/local information. Thus merging both types of data should improve the existing rainfall models.
This motivation has lead to build a tipping-bucket rain gauge network in the neighborhood of the weather radar of the Spanish Meteorological Office on the North-West Atlantic coast (Fig. 1) . After two years of data records, some first steps have been done in the study of the correlation between both types of data and also in the study of the correlation among the rain gauge network data [1] .
From this study some envisaged applications are:
• Establishing a site-correlated map for the main types of rain in the region.
• Extracting/modeling of advection velocity.
• Closer fitting of the parameters involved in the Z-R relationship. First results have shown that radar data and rain gauge data not necessarily provide the same results and shall be treated carefully when compared to each other. Differences and also some first results from the spatial correlation have been presented in this previous work. Now a follow-on investigation is presented here in the sequel through the study of new rainfall events. Images from the radar provide data in terms of the reflectivity factor, Z, in dBZ, where dBZ = 10•log10Z, with Z in mm6•m-3, with a Cartesian network resolution of 1x1 km2 and a time resolution of 10 min [2] .
In the neighborhood of the radar, in a distance from 10 up to 40 km, a network of 17 tipping bucket rain gauges has been built. The network covers an area of roughly 360 km2 (Fig. 2) . Each of the tipping bucket rain gauges has a catchment area of 200 cm2, recording with 1s time resolution tips of 0.1 mm. 
III. METHODOLOGY
First of all, tips measured by the rain gauges and the values of reflectivity for the corresponding pixels in the weather radar images are both converted into rain intensity to easily compare results. Then, to avoid possible spatial errors due to the punctual character of the rain gauge measurements and the possible spatial variability in height introduced by the radar scans, not only the corresponding pixel but every pixel in a 3x3 pixel neighborhood has been considered in this study. Moreover, as some synchronization errors have been detected in some of the dataloggers related to the rain gauges, a subnetwork of 12 rain gauges from the original one has been considered to perform this study.
In these terms, radar reflectivity Z is converted into rain rate R (mm•h-1) according to the pre-processing method proposed in [2] through a simple theoretical power law Z-R relationship using the expression Z = aR b with a = 238 and b = 1.5 [3] . Rain rates from the rain gauges are derived through a running mean over linearly interpolated accumulated rain [4, 5] .
Then, two separate but closely related investigations are carried out: A. Radar -Rain gauges relationship A clear direct relationship between Doppler radar reflectivity values at rain gauge locations and the rain intensity measurements of the rain gauges it is expected (Fig. 3 ) despite spatial and time resolution are quite different. This difference is due to the characteristics of the measurements, so the relationship cannot be established at first glance and must be studied carefully [6] .
First we have focused on the integration time. Its role is of great importance in this study due to the smoothing effects introduced [7] . Performing over a larger amount of new data the calculations as done in the previous work [1] , no outstanding difference has been achieved. Therefore the integration time of 10 minutes has been kept.
Once the integration time has been set, a similar spatial behavior between radar and rain gauge measurements has been sought through new data, also following the steps given in [1] .
An exhaustive study has been performed evaluating the spatial correlation of time-series among the 12 selected rain gauge locations, i.e. considering the 66 different pairs of locations both for radar and rain gauges. It has been noticed again through the comparison of the correlation values for both types of data at the same pair of rain gauge locations that corresponding correlation coefficients vary depending on day (Fig 4) . Deviation against the expected identical fitting line has been analyzed in terms of RMSE (Fig. 5) . It also has been observed that this variation could be related to intensities and duration values of the rainy periods (Fig. 6 ). More new cases are being studied to confirm this affirmation.
Moreover, cross-correlation calculations between both data types have been done in order to discard possible asynchronies between radar and rain gauge measurements. No significant results that indicate time un-correlation have been sorted out.
B. Rain gauge network correlations
The second issue to tackle is the correlation provided by the rain gauge data and also how rain events evolve along their move through the network. To deal with this, it must be taken into account that the region of interest for the study is on the Atlantic coast, so the advection trend comes mainly from West (NW-W-SW). In these conditions, some specific paths are defined. Therefore these paths, referred to as "station diagonals", SD, appear as diagonal arrows on a map in the advection trend direction (Fig. 7) .
The study of the cross-correlation between new recordings of single rain events on its way over the various rain gauge sites has been done as in [1] taking into account that the maximum distance between rain gauges is less than 30km and that the theoretical rain storm velocity is 10m/s (i.e. 36km/h). Considering this, no trace of the event passing through the first SD rain gauge should be observed on the last SD site one hour later. Therefore, data vectors with a length of the event passing through the first SD site plus one hour time to be sure that the event completely disappears from the SD are correlated. An example of how a rain event evolves and changes on its path along the SD can be seen in Fig 8. The corresponding cross-correlation is given in Fig. 9 where also the maxima for these correlations are pointed out. From these maxima, velocity along the diagonal can be easily estimated as distance between rain gauge locations is known. By considering the crosscorrelation between pairs of rain gauges at the given SD, the real advection trend (velocity and direction) can be estimated just by averaging these velocities. Once this real advection trend is known, this information can be used for modeling at this small scale [8] . As the database increases, some steps are being given in this direction.
IV. CONCLUSION
In this contribution results about the investigation of the spatial rainfall structure as obtained from weather radar and rain gauge data are be presented extending previous work through the study of new events. Two closely related topics have been addressed:
1. Radar -Rain gauges relationship.
Rain gauge network correlations.
Results confirm previous affirmation that radar data and rain gauge data not necessarily provide the same results and shall be treated carefully when compared to each other. The differences are presented here. They also show that a larger database and a deeper study of correlation for both types of data are needed for a better understanding of this close relationship. Results from the spatial correlation are presented as well as some of their envisaged applications for modeling.
Future investigations in the framework of this study aim at extrapolating the series of weather radar images to provide a considerable finer temporal resolution. The extrapolation will be based on the spatial correlation of rain fall within the densely meshed rain gauge network. Moreover, a faster sequence of weather radar images could help to provide rainfall time-series at locations where no rain gauges are installed. 
